Our aim is to compare olfactory and gustatory function and food preferences of patients with Mild Cognitive Impairment (MCI) and Alzheimer's disease (AD) with controls. We included 22 patients with MCI, 30 patients with AD and 40 controls and assessed olfactory threshold, odor discrimination and odor identification (Sniffin' Sticks), gustatory functioning (Taste Strips), and food preferences (Macronutrient and Taste Preference Ranking Task). Linear regression analyses were used to study associations of five cognitive domains or AD biomarkers with olfactory functioning. Groups did not differ in olfactory threshold, gustatory function and food preferences. Patients with MCI and AD scored lower on odor discrimination and identification than controls. Poorer memory, but no other cognitive domain, was associated with poorer odor discrimination and odor identification, but not with odor threshold. No associations with AD biomarkers were found. In conclusion, patients with MCI and AD have poorer odor discrimination and identification ability than controls, but similar detection thresholds. This is likely a consequence of poorer memory rather than directly caused by AD pathology.
Introduction
Unintended weight loss and malnutrition are common features in patients with Mild Cognitive Impairment (MCI) and Alzheimer's disease (AD) dementia, with prevalence rates ranging from 0-60% [1] [2] [3] [4] . It is unknown whether this weight loss is due to a higher energy expenditure, reduced dietary intake, a combination of both, or that it is influenced by other factors. Dietary intake is partly driven by olfactory and gustatory functioning and food preferences [5] . Detecting and identifying a smell or taste plays an important role in liking of food products, but also has a functional role (e.g., to signal spoiled food or nutrient content) [5] . With aging, a decrease in olfactory and gustatory function may change food preferences and thereby dietary patterns [6] [7] [8] [9] [10] . Furthermore, poor olfactory function is associated with higher mortality in older adults [11] .
Olfactory and gustatory function, and to lesser extent food preferences, have been studied in patients with AD, but rarely in patients with MCI. Poorer olfactory function, and especially poorer odor identification, have been reported in patients with MCI and AD, while results on threshold detection and ability to discriminate odors are inconsistent [12, 13] . Some authors also found that specific olfactory tests, like the peanut butter odor detection test, might be useful in early detection of AD, although more research is needed [14] .
Gustatory function was assessed by only a few studies in patients with AD, and results are conflicting. Some studies found a lower overall sense of taste in patients with AD compared to controls [15] [16] [17] while others did not [18] . Furthermore, only one study included patients with MCI, showing similar gustatory function as patients with AD [16] . In addition, food preferences for specific taste or macronutrient categories have rarely been studied in patients with AD and never in patients with MCI. It is reported that patients with AD consume more energy from carbohydrate-rich products compared to age-matched controls, which might be caused by a higher preference for sweet products [19, 20] . We will compare olfactory threshold, discrimination and identification, gustatory function, taste intensity preference and food preferences of patients with MCI and AD with cognitively normal controls. It is currently not clear whether poorer olfactory and gustatory function and altered food preferences are a consequence of poorer cognitive performance or caused by AD pathology [21] . Therefore, we will study associations of cognitive performance on different domains or AD biomarkers in cerebrospinal fluid (CSF) for parameters that differ between diagnosis groups.
Methods

Participants
The NUDAD (Nutrition, the Unrecognized Determinant in Alzheimer's Disease) study is a prospective cohort studying nutritional determinants in AD and pre-dementia stages, with 3 year clinical follow-up. The total NUDAD cohort (n = 552) includes all patients of the Amsterdam Dementia Cohort, who visited our Alzheimer center between September 2015 and August 2017, were diagnosed with AD dementia, MCI or subjective cognitive decline (SCD) and had a Mini-Mental State Examination (MMSE) score > 16 [22] . All patients underwent a standardized dementia screening, including extensive neuropsychological assessment, neurological examination and laboratory tests [23] . MCI and probable AD were diagnosed according to the corresponding National Institute on Aging-Alzheimer's Association criteria [24, 25] . As controls, we used individuals with SCD who presented with memory complaints at our memory clinic, but performed normal on all clinical examinations (i.e., criteria for MCI, dementia or any other neurological or psychiatric disorder that could explain their cognitive complaints were not met) [26] .
Of the NUDAD participants, a subgroup participated in an in-depth study on nutrition and related factors, including measurements of smell, taste and food preferences. The subgroup consisted of 92 participants, 30 patients with AD dementia, 22 patients with MCI and 40 controls. For this subgroup, inclusion criteria were age ≥ 50 years, MMSE score ≥ 19, medically stable (assessed by physician) and a sufficient knowledge of the Dutch language. Exclusion criteria were current smoking, having major psychiatric disorder, neurological disorders known to influence smell and taste other than AD, severe food allergy, severe diseases of the digestive tract, or recent diagnosis of cancer other than basal cell carcinoma of the skin. Informed consent was obtained from all participants and the local Medical Ethical Committee approved the study.
Descriptive characteristics included: age, gender, MMSE score, measured body mass index (BMI, in kg/m 2 ), level of education and vegetarian diet (yes or no). Level of education was assessed using the Verhage classification system [27] , which we categorized into low (score 1-3), intermediate (score 4 and 5) and high (score 6 and 7).
Olfactory and gustatory functioning
Subjective olfactory changes were evaluated by asking participants if they experienced a change in their sense of smell in the past months (yes or no). If yes, they rated their general ability on each olfactory domain (detecting, discriminating, and identifying odors) on a 5-point scale, ranging from 'not at all' to 'very good' [28] . Olfactory testing consisted of three parts: detection threshold level (T), discrimination ability (D) and odor identification (I), and was measured using Sniffin' Sticks (Burghart, Wedel, Germany) [29] . Detection threshold test consisted of 16 triplets, within each triplet 2 pens had no odorant and one pen contained a dilution of n-butanol. The pens were presented in random order, participants were blindfolded and had to identify the odorant, starting with the lowest concentration. If the odorant was successfully identified in two successive trials, lower concentrations were offered until the participant did not identify the odorant anymore, and then a higher concentration was provided. The threshold level was defined as the mean of the final 4 out of 7 staircase reversals, ranging from 1 to 16. For discrimination ability, 16 triplets were presented, each triplet contained two pens with the same odor and one different. The pens within a triplet were offered in randomized order and the blindfolded participants had to discriminate which pen smelled different. The identification test consisted of 16 pens containing common and well-known odors at supra-threshold level. With each pen, a form with four odor names was presented. Participants had to identify the correct odor in this forced multiple-choice setting. Each correct discrimination and identification resulted in 1 point, with the sum score ranging from 0 to 16. Overall olfactory function (TDI) score was the sum of the three tests ranging from 1 to 48 [29, 30] . Participant's olfactory function was classified as anosmia (TDI ≤ 15.9), hyposmia (TDI 16-30.3) and normosmia (TDI ≥ 30.3) [30] .
Gustatory functioning was evaluated using Taste Strips (Burghart, Wedel, Germany), comprising of 16 filter paper strips impregnated with four basic tastes (sweet, salt, sour, bitter) in four different concentrations [31] . Strips were presented in block-randomized order, starting with the lowest concentration. Taste strips were placed on the tongue, participants closed their mouth and were forced to make a choice for each strip between sweet, salt, sour, bitter or tasteless. Participants rinsed their mouth with water before each taste strip. Each correct answer resulted in 1 point, ranging from 0 to 4 for each basic taste and 0 to 16 for the total score.
Taste intensity preferences
Preference for taste intensities was measured by having the participants taste lemonade and tomato juice, with five different concentrations of sugar and salt, respectively. Sugar concentrations ranged from 0.0625 mol/l (M) to 1 M, salt from 0.03125 M to 0.5 M, with a twofold increase between every concentration. The middle concentrations represent sugar and salt concentrations in commercially available beverages. Samples of 25 ml were randomly presented, and participants had to taste the samples with a sip of water in between. In the ranking part, they had to rank the samples from least (score of 1) to most liked (score of 5). For the liking part, performed after the food preference task, they had to rate each sample on a 100-point visual analogue scale (VAS), anchored 'do not like at all' to 'like extremely'.
Food preference
Food preferences were assessed using the Macronutrient and Taste Preference Ranking Task (MTPRT [32] ). This is a validated computer-based tool presenting pictures of food products from four macronutrient categories (high protein, high carbohydrate, high fat and low energy), including both sweet and savory products. All food products are well known and commercially available in the Netherlands. The task was performed about one and a half hour after breakfast. Liking of all 32 products was assessed on a 100-point VAS, anchored 'do not like at all' to 'like extremely' and averaged per category. In the ranking task, participants had to rank four pictures according to 'what they most desire to eat at this moment', each picture was presented two times in different trials. In the macronutrient section, each picture represented one macronutrient category. The preference score per macronutrient was calculated and ranged from 1 to 4, with a higher score indicating a higher preference. In the taste section, each trial consisted of two pictures from two macronutrient categories, one sweet and one savory. The high protein category was excluded as it only contains savory products. The preference score for taste was calculated and ranged from 1.5 to 3.5. The preference score for sweet and savory is each other's opposite, therefore only scores for sweet are reported in this article.
Olfactory discrimination and identification, gustatory functioning, taste intensity preferences and the MTPRT were executed using EyeQuestion software (Logic8 BV).
Neuropsychological assessment
Cognitive performance was assessed using a standardized neuropsychological test battery covering five domains; memory [(visual association test (VAT); rey auditory verbal learning task [33, 34] [33, 40] ) and visuospatial ability (dot counting; fragmented letters; number location [41] ). Raw test scores were converted into z-scores using the mean and SD of our study population. Test scores for TMT A were log-transformed because they were not normally distributed. Z-scores for TMT A and Stroop were inverted, such that lower scores indicate worse cognitive performance. Domain scores were calculated by averaging z-scores of the individual tests within that domain, if at least two tests were available.
AD biomarkers
Cerebrospinal fluid (CSF) was obtained by lumbar puncture using a 25-gauge needle, and collected in 10 ml polypropylene tubes (Sarstedt) following standardized protocols [42] . β-Amyloid 42 (Aβ 42 ), tau and phosphorylated tau (p-tau) levels were determined with sandwich Innotest ELISAs (Fujirebio, Ghent, Belgium) [43] and available of 57 participants (62%). Aβ 42 levels were adjusted for the drift that occurred over the years [44] .
Statistical analysis
Between-diagnosis group differences in participant characteristics, olfactory and gustatory functioning, taste intensity preferences and food preferences were tested using ANOVA with post-hoc Bonferroni adjusted t tests for normally distributed continuous variables, and Chisquare tests for categorical variables. ANOVAs of olfactory and gustatory functioning, taste intensity preferences and food preferences were adjusted for age, gender and education. Some meat and fish products are included in the MTPRT (mainly as part of the high protein category), therefore adherence to a vegetarian diet was added as a possible confounder when analyzing the liking and preference scores. Within the total cohort, we used linear regression analyses to evaluate associations of cognitive domains or AD biomarkers in CSF (independent variables) with olfactory functioning (dependent variables). All descriptive variables in Table 1 that changed the regression coefficient ≥ 10% were considered to be a possible confounder and included in the model. The associations of cognitive domains with olfactory functioning were adjusted for age, gender and education. Similarly, the linear regression analyses of AD biomarkers with olfactory functioning were adjusted for age and gender. To test the assumptions of the regression analyses, we plotted and checked residuals of all models, which were all normally distributed. Significance was set at p < 0.05. All analyses were performed with SPSS version 22 (released 2013, IBM SPSS Statistics for Windows, Armonk, NY, USA).
Results
Patients with MCI and AD dementia were older and had a lower MMSE score compared to controls, and patients with AD dementia were lower educated than patients with MCI and controls (Table 1) . Diagnosis groups did not differ in BMI. Patients with MCI and AD dementia had lower Aβ 42 levels and higher tau and p-tau levels than controls. Performance on all cognitive domains differed between groups, with controls scoring highest and patients with AD dementia scoring lowest.
None of the patients with AD dementia, four patients with MCI (18%) and five controls (13%) reported a subjective change in olfactory functioning over the past months ( Table 2) . On testing, patients with MCI and AD dementia had a lower TDI score and were more often anosmic or hyposmic than controls (Table 2) . Specifically, patients with MCI and AD dementia scored lower on odor discrimination and identification compared to controls (9.0 and 9.5 vs. 11.6; 9.5 and 9.2 vs. 11.6, respectively) ( Fig. 1 ). Groups did not differ in olfactory detection threshold. Patients with AD dementia scored lower on taste sour compared to patients with MCI, but total taste scores did not differ between diagnosis groups. Adjusted linear regression analyses showed that poorer performance on the cognitive domain memory was associated with lower TDI, odor discrimination and odor identification scores, but not with threshold detection (Table 3 ). There were no associations for the four other cognitive domain scores. Moreover, no associations between AD biomarker levels and olfactory functioning were observed (Table 4 ).
For the taste intensity preferences, patients with MCI and AD dementia ranked the least sweet lemonade lower than controls (Fig. 2) , while patients with MCI ranked the sweetest lemonade higher than controls, i.e., overall, controls tended to prefer lower concentrations of sugar in the lemonade. Similarly, evaluating the liking scores, patients with MCI and AD dementia rated the sweetest lemonade higher than controls ( Supplementary Table A ). Groups did not differ in ranking and liking scores for tomato juice. The results of the MTPRT showed that groups did not differ in liking scores and preference scores of any taste or macronutrient category (Table 5 ). Adherence to a vegetarian diet (n = 12) did not affect group differences in liking and preference scores (data not shown).
As we observed no differences between diagnosis groups in gustatory function, taste intensity preferences and food preferences, we did not further explore associations between cognitive domains or AD biomarkers and these parameters.
Discussion
The main finding of this study is that patients with MCI and AD dementia scored lower on odor discrimination and identification compared to controls, but groups did not differ in olfactory threshold, gustatory function or food preferences. Poorer memory scores were associated with lower odor discrimination and identification scores.
Compared to normative data [30] , controls scored normal on all olfactory tests according to their age and gender. In our sample patients with MCI and AD dementia were more likely to suffer from hyposmia (impaired olfactory functioning) or anosmia (no sense of smell) than controls. This seems conflicting with the subjective olfactory complaints reported by controls and patients with MCI, although it is well known that discrepancies between self-reported and results of olfactory tests are present [45] . In line with literature [16, 46] our study suggests that patients with MCI and AD dementia do not have a lower sensitivity for detecting odors but do have difficulties in discriminating and identifying odors. Odor discrimination and identification are complex cognitive tasks because olfactory perception needs to be compared with information stored in memory and labelled verbally, whereas a detection threshold is less dependent of cognitive performance [47] [48] [49] . This is further supported by the association of the cognitive domain memory with both odor discrimination and identification, Table 4 Associations of AD biomarkers in CSF with olfactory functioning Data presented as β (95% CI) (regression coefficients and 95% confidence interval). Age and gender adjusted linear regression analyses with AD biomarkers (independent variables) and olfactory functioning (dependent variables) but not with threshold detection. Furthermore, we did not find associations of any other cognitive domain nor of the AD biomarkers with olfactory functioning. Thus, our results suggest that poorer memory, rather than AD pathology or decline on other cognitive domains, might explain the poorer odor discrimination and identification in patients with MCI or AD dementia. Overall gustatory function did not differ across diagnosis groups and all scored within the normal range for their age [50] . This is in contrast to another study that reported lower scores on all basic tastes and total gustatory function in patients with MCI and AD dementia compared to controls [16] . Discrepancies might be due to the larger age differences across groups in our study, or our adjustment (for age, gender and education) of the analysis.
The MTPRT was uniquely applied to patients with MCI and AD dementia. We did not observe any difficulties in performing the task and all food products were recognized by the participants. The diagnosis groups did not differ in liking and preference scores for any taste or macronutrient category, while patients with MCI and AD dementia did have a higher preference for more intense sweet tastes in the taste intensity task. This seems conflicting, but taste intensity preference is determined by one specific factor within a product (i.e., sugar or salt concentration), while food preferences are measured across different food products and categories. Our study suggests that, while the sense of (sweet) taste and food preferences seem unaltered, patients with MCI and AD dementia do prefer a more intense sweet taste.
Among the strengths of our study is the use of standardized olfactory and gustatory functioning, taste intensity and food preferences tests. Furthermore we had both neuropsychological tests in five different domains and multiple AD biomarkers in CSF available. This study also has some limitations. First, because of the cross-sectional design no causal inferences can be made. Future research should focus on olfactory and gustatory functioning in a longitudinal design and should explore how changes in cognitive performance over time are associated with changes in olfactory and gustatory functioning. We are currently following our participants with annual neuropsychological assessment and will re-evaluate odor identification and gustatory function after 2 years. A second limitation is that our population is small, relatively young, and in early stage of the disease based on a MMSE score of 19 or higher and living independent, which makes it hard to generalize the results of our study. It might be that alterations in gustatory function or food preferences appear in a more advanced stage of the disease. Furthermore, our MCI group consisted of both patients with amnestic as well as non-amnestic MCI. Although we excluded participants with a major psychiatric disorder, we could not exclude that lower level psychiatric disorders might influenced our results. A final limitation is that the AD biomarkers were only available in 62% of our sample. Although the subgroup with biomarkers available seemed representative for the total study sample (mean ± SD TDI participants with AD biomarkers 27.0 ± 8.2, without AD biomarkers 27.4 ± 7.1, p = 0.795), the subgroup is small which limits the power of detecting associations. Furthermore, future studies should investigate the associations of atrophy degree of hippocampus and entorhinal cortex in relation to olfactory function and memory.
In conclusion, patients with MCI and AD dementia had more difficulties in discriminating and identifying odors compared to controls, while no differences in threshold detection were observed. Poorer score on the cognitive domain memory was associated with lower odor discrimination and identification scores while no associations with other domains were observed. Furthermore, AD biomarkers were not associated with olfactory functioning, suggesting that AD pathology itself is not related to olfactory function. No differences between diagnosis groups were observed for overall gustatory function and food preferences, although patients with MCI and AD dementia had a higher preference for more intense sweet tastes. Further research is needed to study the specific role of odor discrimination and identification in food choice and dietary pattern in patients with different stages of cognitive decline. 
